Innate immunity in corals is of special interest not only in the context of self-defense but also in relation to the establishment and collapse of their obligate symbiosis with dinoflagellates of the genus Symbiodinium. In innate immunity system of vertebrates, approximately 20 tripartite nucleotide oligomerization domain (NOD)-like receptor proteins that are defined by the presence of a NAIP, CIIA, HET-E and TP1 (NACHT) domain, a C-terminal leucine-rich repeat (LRR) domain, and one of three types of N-terminal effector domain, are known to function as the primary intracellular pattern recognition molecules. Surveying the coral genome revealed not only a larger number of NACHT-and related domain nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4 (NB-ARC)-encoding loci ($500) than in other metazoans but also surprising diversity of domain combinations among the coral NACHT/NB-ARC-containing proteins; N-terminal effector domains included the apoptosis-related domains caspase recruitment domain (CARD), death effector domain (DED), and Death, and C-terminal repeat domains included LRRs, tetratricopeptide repeats, ankyrin repeats, and WD40 repeats. Many of the predicted coral proteins that contain a NACHT/NB-ARC domain also contain a glycosyl transferase group 1 domain, a novel domain combination first found in metazoans. Phylogenetic analyses suggest that the NACHT/NB-ARC domain inventories of various metazoan lineages, including corals, are largely products of lineage-specific expansions. Many of the NACHT/NB-ARC loci are organized in pairs or triplets in the Acropora genome, suggesting that the large coral NACHT/NB-ARC repertoire has been generated at least in part by tandem duplication. In addition, shuffling of N-terminal effector domains may have occurred after expansions of specific NACHT/ NB-ARC-repeat domain types. These results illustrate the extraordinary complexity of the innate immune repertoire of corals, which may in part reflect adaptive evolution to a symbiotic lifestyle in a uniquely complex and challenging environment.
Introduction
Coral reefs are among the most biologically diverse ecosystems, and the spectacular ecological success of modern reef-building corals is attributed to the formation of obligate endosymbioses with dinoflagellates of the genus Symbiodinium (Dubinsky 1990; Wilkinson 2004; Coffroth et al. 2006; Venn et al. 2008 ). Many corals must acquire symbionts during early postsettlement life, the initial uptake may involve lectins (Wood-Charlson et al. 2006; Kvennefors et al. 2008) , but the bases of its selectivity and specificity are unknown. Corals and symbionts depend on each other for survival in a symbiotic relation called mutualism. Although corals operate near their upper thermal tolerance, the symbiosis collapses under elevated seawater temperatures leading to mass coral bleaching (expulsion of symbionts) and mortality (Hughes et al. 2003; Hoegh-Guldberg 2007) . Recent studies, however, suggest that bleaching involves a host innate immune response to a compromised symbiont, much like innate immune responses in other host-microbe interactions (Weis 2008) . Corals also harbor complex and species-specific bacterial consortia both associated with the surface and in the cytoplasm, implying the presence of sophisticated mechanisms to discriminate pathogens and freeloaders from beneficial or benign organisms (Raina et al. 2009; Ainsworth et al. 2010) . The coral innate immune system is therefore of special interest in the context of not only self-defense but also the establishment and collapse of holosymbiosis with Symbiodinium and bacteria.
In the innate immune system, pattern recognition receptors (PRRs) function as sensors for pathogen-associated molecular patterns (PAMPs) that are molecular structures found in a variety of pathogens and damage-associated molecular patterns that are molecules released from damaged cells. Two types of receptor in the system are the transmembrane toll-like receptors (TLRs) that respond to extracellular immune stimuli and the intracellular nucleotide oligomerization domain (NOD) -like receptors (NLRs) that recognize the primary intracellular pattern molecules. The NLRs are regulatory cytoplasmic PRRs with a tripartite domain structure that are characterized by the presence of a central NAIP, CIIA, HET-E and TP1 (NACHT) domain that is required for nucleotide binding and self-oligomerization, a C-terminal leucinerich repeat (LRR) domain responsible for ligand sensing, and a N-terminal effector domain ( fig. 1A ) (Koonin and Aravind 2000) . In vertebrates, the third domain types that are characteristic of classical NLRs typically contain DEATH-like folds, such as pyrin domains (PYDs) in the case of NACHT, LRR, and PYD domain-containing protein (NALPs), caspase recruitment domains (CARDs) in nucleotide-binding oligomerization domain-containing proteins (NODs), IL-1beta converting enzyme protease activating factor (IPAF) and Class II major histocompatibility complex transactivator (CIITA), and the baculovirus inhibitor of apoptosis protein repeat (BIR) domain in neuronal apoptosis inhibitory protein (NAIP) ( fig. 1A ). Approximately 20 of human NLRs so far found include NODs, NALPs, CIITA, IPAF, and NAIP. Upon recognition of a variety of different cytosolic danger signals including PAMPs from bacteria and viruses, NLRs recruit effector molecules called adaptors by homotypic domain interactions and form protein complexes and then transmit signals to the downstream. In higher plants, structurally similar proteins that have LRR and NACHT-related domain nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4 (NB-ARC) are thought to fulfill analogous roles to vertebrate NLRs, but the two classes of proteins have separate evolutionary origins (McHale et al. 2006) . NB-ARC domain can also be found in the apoptotic protease activating factor 1 (APAF-1) of metazoans.
One of the most intriguing findings from comparison of the coral genome with that of its nonsymbiotic relative, the sea anemone Nematostella vectensis is the relative complexity of the predicted immune repertoire of the coral (Shinzato et al. 2011) . For example, although Nematostella has a single canonical TLR, Acropora has at least four (Shinzato et al. 2011) . Previous surveys have identified a highly diverse repertoire of NLR-related genes in Nematostella (Miller et al. 2007; Lange et al. 2011) ; the diversity of such molecules is lower in the derived cnidarian Hydra, but some specific domain combinations are more abundant in the latter. Previously, we reported that the genome of Acropora digitifera encodes a surprisingly large number of NACHT/NB-ARC domaincontaining proteins (Shinzato et al. 2011) . Here, we explore the evolution of the NACHT/NB-ARC domain-containing proteins in metazoans and the complexity of the coral NLR protein repertoire. We found that many of the Acropora NACHT/NB-ARC domain proteins also contain a glycosyl transferase 1 (Glycos_transf_1) domain. In addition to NACHT/NB-ARC domain, combinations of Glycos_transf_1 domain with Toll/Interleukin-1 receptor (TIR) domain, apoptosis-related domains, or repeat regions are also present, suggesting these proteins deeply involved in the coral immunity network. There are few precedents for these combinations of domains, some of which, we suggest, may have unique roles in corals such as the interaction between the coral and its dinoflagellate endosymbionts.
Materials and Methods
Genome sequences used in this study were of the coral A. digitifera (Shinzato et al. 2011) , the sponge Amphimedon queenslandica (Srivastava et al. 2010) , the sea anemone N. vectensis (Putnam et al. 2007) , the hydra Hydra magnipapillata (Chapman et al. 2010) , the fly Drosophila melanogaster (Adams et al. 2000) , the sea urchin Strongylocentrotus pupuratus (Sea Urchin Genome Sequencing Consortium 2006), the ascidian Ciona intestinalis (Dehal et al. 2002) , the amphioxus Branchiostoma floridae (Putnam et al. 2008) , and Homo sapiens (Consortium IHGS 2004) . Most of the protein sequences were retrieved from Refseq (NCBI) through GenomeNet (http://www.genome.jp), except for A. digitifera (http://marinegenomics.oist.jp/acropora_digitifera), H. magnipapillata (NCBI at http://www.ncbi.nlm.nih.gov/), N. vectensis (Joint Genome Institute at http://genome.jgi-psf.org/ Nemve1/Nemve1.home.html), and Amp. queenslandica (http://spongezome.metazome.net/cgi-bin/gbrowse/amphimedon/). All the sequence information is summarized in supplementary table S6, Supplementary Material online.
Domain identifications were performed with the HMMER against Pfam domain database (Punta et al. 2012 ). E-value cutoff was 1E À 03. Phylogenetic analyses were carried out based on TIR, Glycos_transf_1, or NACHT/NB-ARC domain regions. Collected protein sequences with the domains were trimmed according to HMMER results. Multiple alignments were produced with CLUSTALX (2.0.10) (Larkin et al. 2007 ). Sequences of poor quality and that could not made alignment were deleted, and trimming of gaps was performed. The manual improvement was conducted with BioEdit (Hall 1999) . Using TIR region of 49 representative sequences, NACHT/NB-ARC region of 1,179 sequences (159 bases), and Glycos_transf_1 region of 460 sequences (263 bases), phylogenetic analyses were performed using the NeighborJoining method by CLUSTALX with the default parameters (1,000 bootstrap tests, 111 seeds, and Kimura's correction) and maximum likelihood method by PhyML3.0 with the default parameters (Substitution model is HKY85, proportion of invariable sites is 0, transition/transversion ratio is 4.0, gamma shape parameter is 1.0, starting tree a BIONJ distance-based tree, and type of tree improvement is Nearest Neighbor Interchange) (Guindon et al. 2010) . Phylogenetic trees were drawn using njplot (Perrière and Gouy 1996) and TreeViewX (Page 1996) .
To search the genes that lined tandem, genes that have consecutive gene ID were checked manually using A. digitifera genome browser (http://marinegenomics.oist.jp/acropora_ digitifera). Gene ID indicates the rows of the genes on the scaffold.
The expression of genes was examined by using the previous experimental data of 34-bp single read of Illumina mRNA-seq in the embryonic stage (a mixture of RNA samples from eggs, blastulae, gastrulae, swimming larvae, and metamorphosing larvae) and the adult stage (Shinzato et al. 2011) . Reads per kilobase per million reads (RPKM) was calculated for each gene model. If the RPKM is more than 1, the genes were regarded as expressed.
Results

The Coral Genome Contains a Large Number of NACHT/NB-ARC-Encoding Loci
Pfam domain searching (HMMER search) revealed that the genomes of the three cnidarians, A. digitifera, H. magnipapillata, and N. vectensis, differ substantially in terms of the relative abundances of protein domains that they encode. As presented in table 1, although some domains are well represented in each of the cnidarians (e.g., Pkinase, Pkinase_Try, and WD40 domains), NACHT and NB-ARC domains are highly over-represented in Acropora (tables 1 and 2), whereas the Nematostella and Hydra genomes encode much greater numbers of 7-transmembrane domains and DDE superfamily endonuclease domains, respectively. The similarity of the NACHT and NB-ARC domains is such that they cannot be distinguished by HMMER, and these are henceforth considered together as nucleotide-binding domains (NBDs). Glycos_transf_1 domains were also highly over-represented in Acropora relative not only to the two other cnidarians but also to all other metazoans (table 1) .
As mentioned earlier, the NBD is a characteristic feature of the NLRs that function in the primary intracellular pattern receptors, whereas the TLRs-a feature of which is the TIR domain-recognize extracellular or endosomal PAMPs. Given the key roles of these receptors in innate immunity, the NBD and TIR domain complements of Acropora were compared with a representative range of metazoans for which wholegenome data are available. As presented in table 2, the total of 496 NBD-encoding loci identified in the Acropora genome is extraordinarily high relative to other metazoans. Previously large numbers of NBD loci have been reported in Hydra (290) (Lange et al. 2011) , the sea urchin S. purpuratus (208) (Hibino et al. 2006) , and the amphioxus B. floridae (203) (Huang et al. 2008) . The only precedents for such high numbers of NBD loci are among angiosperms-for example, the rice genome contains approximately 660 NBD-encoding loci (Bai et al. 2002) . The number of TIR-encoding loci identified in the Acropora genome (36) is also large compared with other cnidarians but is much smaller than has been reported for the sea urchin 169 Diversification of NOD-Like Receptor System in the Coral . doi:10.1093/molbev/mss213 MBE (Hibino et al. 2006 ) and amphioxus (Huang et al. 2008) ; in this study, 243 and 85 genes were identified in these genomes, respectively (table 2). Note that our searches often identified fewer loci encoding particular domains than have some published estimates, most likely because our surveys were based exclusively on HMMER searching of gene models.
A Wide Variety of Other Domains Are Present in Coral NBD Proteins
Vertebrate NLRs contain three domains-the NACHT and (C-terminal) LRR domains, as well as one of three (PYD, CARD, and BIR) N-terminal effector domains ( fig. 1A) , whereas the effector domains in most sea urchin NLRs are one or two DEATH folds (Hibino et al. 2006) . By contrast with the relative simplicity that is typical of higher animals, the NBD protein repertoire of Acropora is much more diverse in terms of domain architecture. Searching the coral NBD protein set with HMMER revealed a wide variety of additional domains in 264 of the 496 predicted proteins (fig. 1B-D and  supplementary table S1 , Supplementary Material online). A substantial number (118) of the coral NBD proteins contained one of four types of repeat domain: LRR, TPR (tetratricopeptide repeat), Ank (ankyrin) repeat, and WD40 repeat ( fig. 1C ). In addition, many other kinds of domains were present in coral NBD proteins, including not only apoptosisrelated domains (DED, Death, and CARD) but also others (e.g., Glycos_transf_1 and PNP_UDP_1) for which there are no clear precedents in the Metazoa. The combination of the 200  TPR_12  265  TPR_14  322  Ank_2  198  TPR_1  262  Ank_2  320  TPR_11  197  TPR_2  258  V-set  318  TPR_2  193  rve  237  TPR_16  306  Ank  193  WD40  219  Ank  303  Ank_5  191  Apc3  204  EGF  301  MMR_HSR1  190  TPR_8  197  Ank_4  298  Ras  188  TPR_10  193  Ank_5  294  Ank_4  187  TPR_16  179  Ank_3  294  Ank_3  185  Ion_trans  178  TPR_17  273  I-set  184  MFS_1  176  WD40  270  Ig_2  184  HTH_29  176  NB-ARC  255  EF_hand_5  182  TSP_1  174 NOTE.-A total of 4,227, 5,754, and 4,711 kinds of domain were identified in Acropora, Nematostella, and Hydra, respectively. MBE repeat and the effector domain in the coral NBD proteins was various. Of the 66 NBD-LRR combinations, six and one contained Glycos_transf_1 and PNP_UDP_1 at the N-terminus, respectively. Of the 36 NBD-TPR combinations, three were further combined with Glycos_transf_1, one with CARD, and two with DED domain at the N-terminus ( fig. 1C) . The 11 other proteins with NBD-TPR showed a variety of combination with ZU5 or/and Death ( fig. 1C ). In addition, of the 10 NBD-Ank combinations, one contained Glycos_transf_1 and DED domain at the N-and C-terminus, respectively ( fig. 1C ).
Of the six NACHT-WD40 combinations, one with CARD domain at the N-terminus was a homolog of APAF-1 ( fig. 1C ).
The Expression of Genes Encoding NBD Proteins
RNA-seq data verified that many of the genes identified bioinformatically are expressed and also provided evidence for differential expression of many of the NBD genes. Illumina RNA-seq transcriptome data were obtained for pooled early developmental stages (i.e., all stages before infection with Symbiodinium) and for adult corals (Shinzato et al. 2011) . Levels of transcripts encoding each of the 496 candidate NBD-genes were examined in these two bodies of RNAseq data using the RPKM approach (supplementary  table S2 , Supplementary Material online). Transcripts corresponding to 126 (25%) and 256 (52%) distinct NBD loci were detected in the early stage and adult coral stage, respectively. Not only are more NBD loci expressed in adult corals than during early development but also for specific classes of NBD protein, a very high proportion of the members are expressed (table 3) . For example, >90% of the NBD proteins with TPR or Death domain were expressed at the adult stage (table 3) . By contrast, transcripts corresponding to most of the Ank/NBD loci were below the significance threshold in both developmental and adult stages, suggesting that either expression levels are always low or that they are only expressed under specific conditions.
Lineage-Specific Expansions of NBD Loci
Previous studies have demonstrated that NBD loci have independently undergone lineage-specific expansions in hydra, sea urchin, amphioxus, and also in plants (Hibino et al. 2006; McHale et al. 2006; Huang et al. 2008; Lange et al. 2011) . To investigate the extent to which the complexity of the coral NBD repertoire also reflects lineage-specific expansion, molecular phylogenetic analyses were performed on a representative set of NBD domains from sponge, hydra, coral, sea anemone, fly, sea urchin, amphioxus, and man. The resulting tree indicates the complexity of NBD evolution within the Metazoa ( fig. 2 and supplementary fig. S1 , Supplementary Material online). Grouping within the tree reflects lineage-specific expansions of particular protein architectures (domain combinations) at several levels but is also complicated by apparent cases of domain loss and swapping. Several such taxon-unique expansions of specific domain combinations are seen in the coral ( fig. 2, red) but occur also in other taxa; for example, >200 sponge proteins contain Death, NBD, and Ank domains ( fig. 2E ). Combinations that include NBD and Glycos_transf_1 domains are particularly abundant in the coral genome; a major clade in figure 2 is dominated by proteins with these in combination with Death, PNP_UDP_1, and/or LRR domains ( fig. 2D ). The only noncoral NBD sequences to cluster with these are eight sea anemone NBD-only sequences, these presumably reflecting secondary domain loss. Human NLRs were also clustered together, suggesting these too are products of divergence events that occurred in the vertebrate lineage ( fig. 2C ).
On the other hand, relatively few clades consist of proteins with the same architecture from a range of species-the expectation for genes whose origin predates species diversification. One clear case of such apparent orthology is that of APAF-1; the clade containing the human apoptosis regulator APAF-1 included single orthologs from sponge, hydra, coral, sea anemone, sea urchin, and amphioxus, implying an early origin and common ancestry for these ( fig. 2A ). Several human proteins containing an NBD domain (TEP1, NPHP3, NWD, GUK1, ORC1L, ORC4L, ABCE, ABCF2, ABCF3, CFTR, PEX1, PEX6, NSF, NVL, PSMC4, and VCP) were grouped together by maximum-likelihood analysis into three subclades: 1) TEP1, NPHP3, and NWD, 2) GUK1, ORC1L, ORC4L, ABCE, ABCF2, ABCF3, and CFTR, and 3) PEX1, PEX6, NSF, NVL, PSMC4, and VCP ( fig. 2B) . Each of these well-supported subclades contained not only human sequences but also sequences from a wide range of other metazoans, suggesting that these three gene types were also distinct in the common ancestor.
Several other heterologous clades are of interest. First, the group of human NBD sequences that includes the NLRPs, NODs, and NLRC5 has counterparts in the coral that also have a C-terminal LRR domain, the sister group of these being some sequences from hydra ( fig. 2C ). Although these hydra genes lack LRR repeats, their similarity to human NBD sequences has previously been commented on (Lange et al. 2011 ). The key difference between the coral NBD/LRR proteins and the human sequences with which they cluster is the absence of N-terminal effector domains in the former case.
Another clade of interest is formed by nine coral sequences and single sequences from Drosophila and the sea urchin ( fig. 2F )-not only is this clade strongly supported but also each sequence contains Ank repeats in addition to the NBD. The phylogenetic diversity and common domain architecture of these sequences are consistent with a common origin and suggest the possibility of functional conservation. In another example, single amphioxus, Nematostella, and two sponge , and NBD/TPR cluster (G). Aq, the sponge Amphimedon queenslandica (green); Hm, the hydra Hydra magnipapillata; Ad, the coral Acropora digitifera (red); Nv, the sea anemone Nematostella vectensis (blue); Dm, the fly Drosophila melanogaster; Sp, the sea urchin Strongylocentrotus purpuratus (pink); Bf, the amphioxus Branchiostoma floridae (brown); Hs, the human being Homo sapiens.
NBD/TPR sequences also clustered together with some of the coral NBD/TPR sequences ( fig. 2G ) The single amphioxus and Nematostella proteins in this cluster resemble some of the coral sequences, with which it is grouped in having a Death domain and DED domain, respectively, and others in the presence of a TPR domain. Glycos_transf_1 domain, however, was observed only in the coral proteins ( fig. 2G ).
The results of these analyses suggest that, although some coral NBDs have counterparts in other animals, lineagespecific expansions have played a large part in shaping the coral NBD inventory ( fig. 2 and supplementary fig. S1 , Supplementary Material online). As shown in the examples, NBD sequences generally clustered on the basis of common repeat domains. Although some proteins within these clusters appear to have lost the repeat motif, in no cases did proteins with different kinds of repeat cluster in the same clade. On the other hand, apoptosis-related domains such as DED, Death, and CARD and the Glycos_transf_1 domain occur in proteins regardless of the phylogenetic relation, implying that shuffling of effector domains may have occurred after the initial expansion of NBD types.
Tandem Duplication of Genes for NBD Proteins
Tandem gene duplication is one mechanism that could have contributed to the expansion of NBD-domain encoding gene families in Acropora. To investigate this possibility, the organization of NBD-encoding loci was examined in the A. digitifera genome, using assembly v1.0 (contig N50 = 10.7 kbp and scaffold N50 = 191.5 kbp) (Shinzato et al. 2011) . Among the total of 496, NBD-encoding loci found in scaffolds were 48 gene pairs, 18 clusters of 3 genes, 3 clusters of 4 genes, 2 clusters of 5 genes, and 2 clusters of 6 genes (supplementary table S3, Supplementary Material online); an example of clustering of NBD-loci is shown as supplementary figure S2, Supplementary Material online. All the proteins encoded by these linked genes occurred within the same cluster of the phylogenetic tree (supplementary fig. S1 , Supplementary Material online), and although the domain structures were not always identical, no examples were found among the linked genes of loci encoding different repeat types (supplementary table S3, Supplementary Material online). Taken together, these lines of evidence suggest that tandem duplication has contributed to the complexity of the coral NBD gene repertoire.
Domain Structures of TIR-Containing Proteins
It has previously been demonstrated that Acropora has both a complete Toll signaling pathway and a more complex TLR repertoire than either Hydra or Nematostella (Shinzato et al. 2011) . Although a single canonical Toll/TLR protein is present in Nematostella (Miller et al. 2007 ), the Acropora genome encodes at least four such molecules and five IL-1R-related proteins and a MyD88 homolog (supplementary fig. S3 , Supplementary Material online). In addition to these, substantial numbers of both TIR-only proteins (16) and proteins contain both a TIR, and other domains (10) were identified (supplementary fig. S3 , Supplementary Material online, and table S4), although the genes of TIR-containing protein in coral did not show gene expansion unlike those of NBD in coral and TIR-containing protein in sea urchin (Hibino et al. 2006) . Interestingly, two predicted Acropora proteins contained both TIR and Glycos_transf_1 domains. Molecular phylogenetic analyses based on TIR-domain amino acid sequences suggested that the two TIR/Glycos_transf_1 proteins have TIRs of the MyD88 type (supplementary fig. S3 , Supplementary Material online) that functions as an adaptor protein in Toll signaling.
The Acropora Genome Encodes a Complex Inventory of Proteins Containing Both a Glycosyl-Transferase 1 Domain and an NBD or TIR As described earlier, the coral genome contains many (361) loci encoding the Glycos_transf_1 domain, whereas Hydra, Nematostella, and the other metazoans have far fewer loci of this type (tables 1 and 4). The second largest number was 49 in the amphioxus genome (table 4). In the coral, the Glycos_transf_1 domain occurs in a substantial number of NBD proteins (117) but is also present in two proteins that contain TIRs of the MyD88-type ( fig. 1, supplementary fig. S3 , Supplementary Material online, and table 4). We also found the combinations with apoptosis-related domain such as Death or DED or repeat domains (LRR, Ank, TPR, and WD40) in a subset of the Acropora Glycos_transf_1 proteins. There are very few precedents for these combinations of domains; a single locus also encoded a DED domain among the small number of Glycos_transf_1 loci in Nematostella and amphioxus proteins with Glycos_transf_1 domain and Death, CARD, or repeat domains (LRR, Ank, and TPR) (supplementary fig. S4 and table S5, Supplementary Material online) (Huang et al. 2008 ). However, we were unable to identify proteins in any other organism with these complex domain architectures found in coral.
Molecular phylogenetic analyses of Glycos_transf_1 domain amino acid sequences from Acropora and a representative range of other metazoans resolved the coral proteins into two major clades (supplementary fig. S4 , Supplementary Material online). One of these groups comprised coral sequences that had clear counterparts in other animals, whereas the other major clade composed of sequences unique to the coral, presumably reflecting lineage-specific expansion. The domain structure of proteins in the former clade was simple, many containing only the Glycos_transf_1 domain, whereas, by contrast, the latter type often contained NBD, TIR, or apoptosis-related domains. Similar trends were observed in the case of the amphioxus Glycos_transf_1-containing proteins (supplementary fig. S4 , Supplementary Material online), lineage-specific genes often containing additional (Death, CARD, or repeat) domains. The Nematostella Glycos_transf_1-containing protein with DED was included in a clade with two Acropora proteins with Glycos_transf_1/TPR and DED/Glycos_transf_1/TPR, respectively (supplementary fig. S4 , Supplementary Material online). One rationalization of these observations is that proteins of the first type predominantly fulfill conserved metabolic roles while tailoring the immune or apoptotic systems of coral, and amphioxus has necessitated lineage-specific expansions in the second type.
Discussion
Recent whole-genome analyses of a number of invertebrates have revealed larger number of immune-related genes than in vertebrates and ecdysozoans and their diverse domain combinations. This is certainly the case with respect to the cnidarian NLR-like proteins. Phylogenetic analyses suggest that, as in the case of the coral, the relatively large inventories of NBD genes present in amphioxus (Huang et al. 2008) , the sea urchin (Hibino et al. 2006) , and several other animals (Lange et al. 2011 ) predominantly reflect lineage-specific gene expansions ( fig. 2 and supplementary fig. S1 , Supplementary Material online). A possible evolutionary scenario to account for this complexity is summarized in figure 3 . Combinations of NBD with WD40, LRR, TPR, or Ank are thought to have already existed in the common ancestor of metazoans ( fig. 3I ), because these combinations are found in the genomes of early-diverging metazoans including the sponge ( fig. 3A) . After the divergence of each lineage, gene expansion and domain loss, gain, and shuffling occurred in some animals ( fig. 3B-I) . In different animal lineages, specific domain architectures have undergone differential expansion. For example, in the sponge, the NBD/Ank domain combination has undergone major expansion, but other NBD combinations have not ( fig. 3I ). In the case of Drosophila, NBD/LRR and NBD/TPR genes are not present, indicating that these genes have been secondarily lost ( fig. 3B ). In the deuterostomes (human, amphioxus, and sea urchin), the expansion of genes that originated from NBD/LRR genes was observed, although phylogenetic analyses suggest independent expansions in each taxon ( fig. 2,  fig. 3C-E and supplementary fig. S1 , Supplementary Material online). In addition, many of these genes in amphioxus and sea urchin have secondarily lost the LRR domains. Even within the phylum Cnidaria, the distribution of domain structures of NBD proteins was quite different between coral, sea anemone, and hydra ( fig. 2 and fig. 3F-H) . In hydra, NBD/TPR genes and the NBD genes derived from NBD/LRR genes have undergone expansions, whereas NBD/Ank genes have been lost (fig. 3F) . Although relatively few NBD loci were identified in Nematostella, limited expansion of the NBD/LRR type has occurred ( fig. 3G ). On the other hand, in corals (such as Nematostella, members of Class Anthozoa), NBD genes encoding NBD/LRR, NBD/TPR, and NBD/Ank have expanded remarkably ( fig. 3H) . Furthermore, the domain structure in the NBD proteins was significantly diversified.
In general, proteins containing specific repeat domain combinations clustered together in the NBD analyses ( fig. 2  and supplementary fig. 1, Supplementary Material online) , implying that expansions-probably by tandem duplication-occurred after an initial diversification of protein architectures ( fig. 3H ). Subsequent domain shuffling, leading to losses and gains of domains, could account for the diversity of domain combinations especially observed in Acropora (fig. 3H ). These two driving forces made such complex NBD gene family, although there may be some constraint in domain structure to maintain protein functions (Zhang et al. 2010) . Taxon-specific gene expansions and the diversification of domain structures has generated essentially unique NBD repertoires in each species examined that are highly complex in some cases (including the coral) and presumably reflect evolutionary adaptations to niche-specific selection pressures.
One of the most significant features of the coral NBD repertoire is that there are no clear precedents for several of the domain combinations observed, including those involving the Glycos_transf_1 domain and immunity-and apoptosis-related domains such as NBD, TIR, and DEATHfold domains. Amphioxus has some proteins with a similar architecture, but these are likely to have an independent origin. The Glycos_transf_1 domain is present in glycosyltransferases that transfer UDP-, ADP-, GDP-, or CMP-linked sugars to a variety of substrates including glycogen, fructose-6-phosphate, and lipopolysaccharides. However, the nature of the domains with which the Glycos_transf_1 domain frequently occurs in corals and amphioxus suggests an association with immunity. The N-terminal position of the Glycos_transf_1 domain suggests that it may function as an effector domain in coral NBD proteins as apoptosis-related domains do in the case of mammalian NLRs. In addition, in the cases of the two Acropora proteins that contain both Glycos_transf_1 and TIR domains, the latter appears to be of the MyD88 type (supplementary fig. S3 , Supplementary Material online). MyD88 functions as an adaptor protein in canonical Toll signaling; the C-terminal TIR domain of MyD88 interacts with the cytoplasmic TIR of TLRs, the N-terminal Death domain of MyD88 mediating signaling by associating with Death domain of IRAK protein kinases. This suggests the possibility of an analogous mechanism of TIR/Glycos_transf_1 proteins in signaling, interaction by the TIR-domain with a (TIR containing) receptor and signal transduction by the glycosyl transferase domain. However, to date, there are no reports of homophilic interactions involving the Glycos_transf_1 domain, and the idea that this family of coral-specific genes functions in immunity or symbiotic interactions awaits experimental verification.
